INTRODUCTION
D-Xylose isomerase is a bacterial metal-ion-activated tetrameric enzyme that catalyses the interconversions Dxylose = D-xylulose and D-glucose = D-fructose. The former reaction is important for the conversion of saccharified plant polysaccharides (biomass) into ethanol and the latter for the production of D-fructose-enriched syrups. The enzyme has an absolute requirement for the bivalent cations Mg2+, Co2, or Mn2+ [(ionic radii < 0.08 nm (0.8 A)].
Recently crystallographic structures of D-xylose isomerases from Actinomycetaceae, bound to different metal ions, substrates and polyol inhibitors, have been determined (Rey et al., 1988; Dauter et al., 1989; Carrell et al., 1989; Farber et al., 1989; Henrick et al., 1989; Collyer et al., 1990; Whitlow et al., 1991) . The substrates are observed in both the cyclic (Farber et al., 1989; Whitlow et al., 1991) and the acyclic extended conformation (Carrell et al., 1989; Collyer et al., 1990; Whitlow et al., 1991) . The data further report the existence oftwo metal ion sites per active site, in accordance with binding studies by Callens et al. (1988) . Kinetic studies with D-xylose isomerases from more divergent organisms (Marg & Clark, 1990; Lehmacher & Bisswanger, 1990) and from the five strains studied in the present paper (P. Van Bastelaere, unpublished work) support the binding of two metal ions per monomer. According to Farber et al. (1989 ), Collyer et al. (1990 and Whitlow et al. (1991) , the reaction mechanism is initiated by the essential histidine residue (Vangrysperre et al., 1988 (Vangrysperre et al., , 1989b (Vangrysperre et al., , 1990 catalysing the ringopening of the cyclic a-aldose or ketose sugar and involving hydrogen transfer from the first hydroxy group to 0-5. Metal ion 1 is co-ordinated with the open extended substrate ligands at 0-2 and 0-4, whereas cation 2 polarizes the C-0-1 and C-0-2 bonds during the hydride shift or isomerization. The conversion step is followed by ring closure to the cyclic a-ketose or aldose sugar or reverse of the ring opening-step.
In order to provide more information on Vangrysperre et al. (1989a) . Specific absorption coefficients (A1°m) were determined at 280 nm by the method of Hunter (1966) and monomeric Mr values were obtained by SDS/PAGE (Laemmli, 1970) . Both procedures, as used by us for D-xylose isomerases from five different sources, are described by Callens et al. (1985) . Protein concentrations of the purified enzymes (tetramers) were determined at 280 nm with a Uvikon absorption 810 spectrophotometer (Kontron) by using the specific absorption coefficients.
Metal-ion-free enzyme was prepared by dialysis against 10 mm-EGTA (1 litre, 24 h) in 0.01 M-triethanolamine/HCl buffer, pH 7. After EGTA treatment, the EGTA was removed by dialysis against two batches (1 litre each) of 0.01 M-triethanolamine/HCl buffer, pH 7.0 (48 h). Trace metal ions in the latter buffer were avoided by filtering the 1 M stock buffer through a Bio-Rex ionexchange membrane and further dilution to the required buffer molarity with Millipore Milli-Q water.
Units of D-xylose isomerase
One unit of D-xylose isomerase is defined as the amount of EGTA-treated enzyme that produces 1 ,umol of D-xylulose/min at 35°C under the following standard conditions: for S. violaceoruber and Streptomyces sp., 0.028 M-Veronal/acetate buffer, pH 8.0, containing 0.12 M-NaCl (constant ionic strength), 50 mM-or 250 mM-D-xylose (coupled or two-step procedure) and respectively 10 mm-and 1 mM-Mg2"; for L. xylosus, buffer of pH 7.5, 50 mm-or 250 mM-D-xylose and 10 mM-Mn2+; for L. brevis, buffer of pH 6.5, 50 mm-or 250 mM-D-xylose and 10 mM-Mn2+; for B. coagulans, buffer of pH 7.0, 50 mm-or 250 mM-D-xylose and I mM-Mn2+.
Enzyme assays
Reaction mixtures were made up as described above, except that different substrates and different substrate concentrations were used. Enzyme concentrations and reaction times were varied according to the method used and to the enzyme activities with the different metal factors.
Isomerization of D-xylose was monitored by the coupled Dxylose isomerase/SDH system (1 ml assay; reaction time 2-5 min) or by the two-step SDH procedure at saturated Dxylose concentrations (200 ,u assay; reaction time 15 min) (Callens et al., 1986; Kersters-Hilderson et al., 1987) . The conversion ofD-xylulose (200 ,ul assay; reaction time 15 min) was followed by quantification of D-xylose by the colorimetric otoluidine method (Winckers & Jacobs, 1971) ; for each series Dxylulose standards without D-xylose isomerase were included.
With D-glucose as substrate only the two-step procedure with SDH was used (200,1 assay; reaction time 15-120 min) . The reverse reaction with D-fructose was assayed by the two-step GOD/peroxidase/ABTS method (200,l assay; reaction time 15-120 min) (Werner et al., 1970 (Hanes, 1932) . The plots were fitted by least-squares analysis.
RESULTS AND DISCUSSION
The purification procedure resulted in highly purified preparations of the five D-xylose isomerases as shown by SDS/PAGE (Fig. 1) . From these data, monomeric Mr values were determined corresponding to 42900, 43300, 47300, 52300 and 49500 for D-xylose isomerase from S. violaceoruber, Streptomyces sp., L. xylosus, L. brevis and B. coagulans respectively. The following specific absorbances (AIr"-m) were used: 9.6, 10, 9.9, 11.5 and 10 for S. violaceoruber, Streptomyces sp., L. xylosus, L. brevis and B. coagulans respectively. Kinetic experiments were performed with metal-ion free enzymes prepared by the EGTA treatment as described above. Remaining activities of the apoenzymes were at most 0.1 % of those observed at optimal concentration of the most effective metal ion cofactor. The catalytic-centre activities, as determined under standard conditions with D-xylose as substrate, were very similar, i.e. 8.2, 8.4, 7.0, 7.2 and 7.0 s-1 for D-xylose isomerase from S. violaceoruber, Streptomyces sp., L. xylosus, L. brevis and B. coagulans respectively.
pH-activity measurements pH-activity curves were determined at saturated D-xylose concentrations (250 mM).
The pH ranges 5-8.5 (Mg2+) and 5-8.0 (Co2+ and Mn2+) were chosen for reasons of enzyme stability (lower limit) or to avoid precipitation of M(OH)2 (higher limit).
In the presence of the most effective metal ion concentration the pH optima are as follows: pH 7.5-8.0 (Mg2+) for both Streptomyces enzymes, pH 7.0-7.5 (Mn2+) for L. xylosus isomerase, pH 6.5 (Mn2+) for D-xylose isomerase from L. brevis and pH 7 (Mn2+) for the B. coagulans enzyme.
The pH-activity curves for D-xylose isomerase from S. violaceoruber are shown in Fig pH values < 6. Considering the high concentrations of substrate, the curves mainly reflect pH effects on kct. Consequently, the diversity in pH-activity profiles is probably due not to differences in the pK value of the histidine residue involved in the substrate binding (Vangrysperre et al., 1990) but to differences in the binding affinities of the metal ion. According to the crystallographic studies mentioned above, metal ion 1 is coordinated to four carboxylate groups and metal ion 2 to three carboxylate groups and one histidine group. The respective aspartic acid, glutamic acid and histidine residues are conserved in all D-xylose isomerases studied so far (Carrell et al., 1989; Farber et al., 1989; Henrick et al., 1989; Collyer et al., 1990; Whitlow et al., 1991) . Since metal ion binding is stronger in the order Mn2+ > Co2+ > Mg2+ (P. Van Bastelaere, unpublished work), pK values of the co-ordinated amino acid residues will increase in the order Mn2+ < Co2, < Mg2t. Consequently, dissociation of Mg2+ will start at higher pH values than dissociation of Co2+ and Mna2. Crystallographic observations (Collyer et al., 1990) Tables 1 and 2 .
According to different authors (Feather et al., 1970; Schray & Rose, 1971; Schray & Mildvan, 1972; Young et al., 1975; Kersters-Hilderson et al., 1976; McKay & Tavlarides, 1979; Bock et al., 1983) , the a-pyranose forms of D-xylose and Dglucose are the reactive aldose species (forward reaction). According to Angyal (1984) and S. J. Angyal (personal communication) the anomeric composition of D-xylose in aqueous solution at 31°C is 36.5% ox-D-xylopyranose (reactive form), 63 % /?-D-xylopyranose, traces of xylofuranose (a+,/ < 1 %) and 0.02% free aldehyde. The composition of D-xylulose in aqueous solution (Wu & Serianni, 1990) Vol. 278 From the data in Tables 1 and 2 As for the D-glucose = D-fructose process, the conversion ratio at equilibrium is about 50 % each (Chen, 1980 Fig. 3(a) . Although smaller differences between the enzyme sources exist compared with those in Fig. 4(a) t Danno (1970) . § Yamanaka & Takahara (1977) . acyclic forms of the substrates have been observed in the enzyme crystals. Binding of the substrate in the open extended conformation is very similar to the binding of the acyclic inhibitor xylitol (sorbitol), as shown by the D-xylose isomerase-xylitol maps. Binding of the cyclic inhibitor 5-thio-a-D-glucose has also been reported (Collyer et al., 1990) . The sugar is directly bound to metal ion 1 but indirectly to metal ion 2 (Collyer et al., 1990) , in contrast with xylitol, which is also in close contact with metal ion 2 via the 0-1 hydroxy group (Whitlow et al., 1991) . Furthermore, xylitol is in contact with (i) the essential histidine residue at 0-5 and (ii) the protonated active-site lysine residue at 0-1, whereas the histidine residue is in contact with both S-5 and 0-1 of 5-thio-a-D-glucose.
In order to provide valuable information concerning the binding constants of cyclic and acyclic substrate analogues we decided to study the inhibition by cyclic substrate analogues and xylitol. Since no conformity exists between previous data (Yamanaka, 1969; Yamanaka & Takahara, 1977; Danno, 1970; Smith, 1980; Callens et al., 1986; Kasumi et al., 1987) Yamanaka (1969 ), Yamanaka & Takahara (1977 , Danno (1970) , Smith (1980) and Kasumi et al. (1987) .
In the present paper the inhibition by xylitol has been routinely monitored by the GOD/peroxidase/ABTS assay (D-fructose as substrate), since xylitol severely disturbs the convenient coupled assay with D-xylose as substrate (reverse reaction at pH > 7).
The purely competitive-inhibition data are summarized in Table   4 , which shows a profound difference in xylitol binding according to the metal ion used. In the presence of Co2" and Mn2+ similar inhibition constants were obtained to that for 5-thio-g.-Dxylopyranose, although lower values are tabulated for the Streptomyces enzymes (Group I). In the presence of Mg2+, however, xylitol may behave as a potent inhibitor of the five Dxylose isomerases studied.
The strong inhibition in the presence of Mg24 is rather surprising. Fig. 5 Fig. 5 (a) (Mg2+) with decreasing pH support the crystallographic observations. The pronounced 160-fold decrease in K1 in the pH range 8.9-6.0 (not observed with the cyclic substrate analogues), which suggests stronger enzyme-xylitol interaction upon dissociation of Mg2+, remains difficult to interpret. So far, no refined crystal structure of apoenzyme in the presence of xylitol has been reported to provide more information. The increase in Km values (Fig. 5) 
